Bak in constituting a gateway for mitochondrial apoptosis in response to apoptotic stimuli has been unequivocally demonstrated. However, recent work has suggested that Bax/Bak may have unrecognized nonapoptotic functions related to mitochondrial function in nonstressful environments. Wild-type (WT) and Bax/Bak double knockout (DKO) mice were used to determine alternative roles for Bax and Bak in mitochondrial morphology and protein import in skeletal muscle. The absence of Bax and/or Bak altered mitochondrial dynamics by regulating protein components of the organelle fission and fusion machinery. Moreover, DKO mice exhibited defective mitochondrial protein import, both into the matrix and outer membrane compartments, which was consistent with our observations of impaired membrane potential and attenuated expression of protein import machinery (PIM) components in intermyofibrillar mitochondria. Furthermore, the cytosolic chaperones heat-shock protein 90 (Hsp90) and binding immunoglobulin protein (BiP) were markedly increased with the deletion of Bax/Bak, indicating that the cytosolic environment related to protein folding may be changed in DKO mice. Interestingly, endurance training fully restored the deficiency of protein import in DKO mice, likely via the upregulation of PIM components and through improved cytosolic chaperone protein expression. Thus our results emphasize novel roles for Bax and/or Bak in mitochondrial function and provide evidence, for the first time, of a curative function of exercise training in ameliorating a condition of defective mitochondrial protein import. apoptosis; exercise; gene expression; mitochondrial biogenesis; unfolded protein response MITOCHONDRIA PLAY NOTABLE roles in several cellular processes, including energy production, programmed cell death, signaling, and metabolic pathways. Increases in mitochondrial volume and changes in organelle composition, referred to as mitochondrial biogenesis, are crucial for muscle metabolic adaptations in response to exercise (23). On the other hand, mitochondria also have a key role in orchestrating programmed cell death (apoptosis) through the release of proapoptotic proteins such as cytochrome c. This release is governed by the pro-and antiapoptotic members of the Bcl-2 protein family (63). Two proapoptotic proteins of the Bcl-2 family, namely Bax and Bak, are central components of the mitochondria-dependent apoptotic pathway. Under nonstressful conditions, Bak is anchored to either the mitochondrial outer membrane or the membrane of the endoplasmic reticulum (ER), whereas Bax is predominantly located in the cytosol or loosely attached to the outer membrane in an inactive state (20, 64) . When cells are activated by a diverse array of stressful apoptotic stimuli, Bax translocates to the outer membrane, oligomerizes, and forms pore complexes with its dimer partner Bak. The formation of this pore, referred to as the mitochondrial apoptosis-inducing channel, induces outer membrane permeabilization, which favors the release of apoptogenic factors such as cytochrome c (52, 31).
components of the mitochondria-dependent apoptotic pathway. Under nonstressful conditions, Bak is anchored to either the mitochondrial outer membrane or the membrane of the endoplasmic reticulum (ER), whereas Bax is predominantly located in the cytosol or loosely attached to the outer membrane in an inactive state (20, 64) . When cells are activated by a diverse array of stressful apoptotic stimuli, Bax translocates to the outer membrane, oligomerizes, and forms pore complexes with its dimer partner Bak. The formation of this pore, referred to as the mitochondrial apoptosis-inducing channel, induces outer membrane permeabilization, which favors the release of apoptogenic factors such as cytochrome c (52, 31) .
To date, the precise arrangement of Bax and Bak in the outer membrane still remains unclear, as well as how these proapoptotic proteins promote membrane permeabilization. Several hypotheses have been purposed to explain the mechanisms of action for Bax and Bak during apoptosis. One theory indicates that during apoptosis Bak dissociates from the fusion protein Mfn2, thereby attenuating mitochondrial fusion and promoting organelle fragmentation (8) . In addition, Bax has recently been found to localize to the division sites of mitochondria (26) . These data suggest that Bax and Bak are involved in the regulation of mitochondrial morphology during apoptosis. In support of this idea, Bax and Bak have also been implicated in regulating the GTPase activity of Mfn2, a function known to be required for mitochondrial fusion activity (27) . Mitochondrial morphology is maintained by the balance of two opposing processes, mitochondrial fission and fusion, that operate concurrently (11) . Fission is driven by the protein Fis1, along with the large dynamin-like GTPase Drp1, which shuttles between the cytoplasm and the outer membrane (51, 53) . Fusion is executed by an additional set of large GTPases, the outer membrane protein Mfn2 that mediates the tethering and fusion of adjacent mitochondria, as well as Opa1 that regulates cristae fusion and remodeling (15, 30) . In addition to mitochondrial morphology, several studies have recently revealed that cells lacking Bax have a deficiency in their ability to generate ATP through cellular respiration, which suggests that Bax may have nonapoptotic roles related to mitochondrial functions (7) . Therefore, in this study, we sought to determine the role of Bak and Bak in the regulation of mitochondrial morphology under steady-state conditions and to further elucidate novel nonapoptotic functions of Bax and/or Bak in mitochondrial biogenesis in skeletal muscle by using a Bax/Bak DKO animal model.
Mitochondria are unique organelles in that they possess their own independent genome. However, the capacity of mitochondrial DNA to synthesize proteins is limited. Therefore, the majority of mitochondrial proteins must be encoded in the nucleus as precursor proteins, possessing targeting signals that drive their translocation to submitochondrial destinations via the protein import machinery (PIM; Refs. 6, 10, 50) . The PIM primarily consists of two multisubunit complexes, referred to as the translocases of the inner (TIM) and outer (TOM) membranes. During protein import, precursor proteins destined for the mitochondria are escorted to their proper cellular locations and are maintained in a conformation compatible with import by cytosolic chaperones, such as heat-shock protein 70 (Hsp70), heat-shock protein 90 (Hsp90), binding immunoglobulin protein (BiP), and mitochondrial import stimulation factor (MSF; Ref. 29) . Tom20 is the initial recognition site for precursor proteins, which are subsequently transferred to appropriate receptors within the TOM complex (48) . From there, the precursors are inserted into the main entry gate Tom40 channel. After passage through this hydrophilic channel, ␤-barrel proteins can be assembled into the outer membrane through the sorting and assembly machinery complex, such as Tom40 itself. Conversely, matrix-destined proteins are channeled via Tim23 (4, 59) . The membrane potential (⌬⌿) activates the Tim23 channel and drives the translocation of the precursor proteins across the inner membrane. Protein import into the matrix is completed by the presequence translocaseassociated motor along with the ATP-dependent chaperone mtHsp70. Once inside the matrix, processing enzymes cleave off the presequences and release the mature protein for refolding with the help of the chaperones mtHsp60 and Cpn10 (58) . Interestingly, Bax and Bak have been shown to interact with components of the TOM complex, such as Tom20 and Tom22 (44, 5, 45) . Thus we hypothesized that Bax and Bak may play a role in regulating mitochondrial protein import. Import is a vital step in the expansion of the mitochondrial reticulum, and it is a process that is adaptable in response to exercise (18, 43, 55) . Therefore, our second aim was to investigate whether exercise training could affect any possible alterations in mitochondrial protein import function brought about by Bax-Bak deficiency.
MATERIALS AND METHODS
Mice. C57BL/6 [wild type (WT)] and B6; 129-Bax tm2Sjk Bak1 tm1Thsn /J [double knockout (DKO)] mice (n ϭ 30; 006329; Jackson Laboratories) were housed in pairs and allowed free access to food and water. They were used at 3-5 mo of age. Animals were anesthetized with an intraperitoneal injection of ketamine and xylazine (40 mg/ml ketamine; 5 mg/ml xylazine) at a dose of 0.2 ml/100 g body wt before the removal of tissues. The use of animals was approved by the York University Animal Care Committee. Animals were treated in accordance with Canadian Council of Animal Care guidelines.
Muscle extracts and protein content. Tibialis anterior muscles were frozen in liquid nitrogen and stored at Ϫ80°C following muscle extractions. Frozen muscle samples were then pulverized to a powder and subsequently resuspended in whole muscle extraction buffer, sonicated, centrifuged, and stored in liquid nitrogen until further use. The protein content of whole muscle was determined by the Bradford method (49) .
Mitochondrial isolation. Freshly isolated mixed hindlimb muscles were minced, and homogenized. Intermyofibrillar (IMF) and subsarcolemmal (SS) mitochondrial subfractions were fractionated by performing differential centrifugation, as described previously (13, 33, 56) . Mitochondria were resuspended in 100 mM KCl, 10 mM MOPS, and 0.2% BSA. After the isolation procedure, freshly isolated mitochondria were used for in vitro protein import, protein release, mitochondrial respiration, and membrane potential assays, and aliquots of mitochondrial extracts were store at Ϫ20°C for immunoblotting analyses. To obtain the cytosolic fraction, the supernate from the SS mitochondrial isolation step was removed and centrifuged at 100,000 g for 1 h at 4°C. The supernate was further concentrated in an ultrafiltration cell with a molecular mass cut-off of 10 kDa (Amicon, Beverly, MA) to a volume of Ͻ1 ml and stored at Ϫ20°C for later use. The protein concentration values of the isolated mitochondria and cytosolic fractions were determined using the Bradford method.
Protein release assay. Isolated SS and IMF mitochondrial fractions (75 g) were incubated with mitochondrial resuspension medium (100 mM KCl, 10 mM MOPS, and 0.2% BSA) containing 2 mM of FeSO 4, 75 M of H2O2, and 10 mM malate. Incubations occurred for 15 min at 30°C. Reaction mixtures were then centrifuged at 14,000 g (4°C) to pellet mitochondria, and the supernate was analyzed for cytochrome c release from the mitochondria by immunoblot analysis, as described previously (1, 2, 42) .
Electron microscopy. Samples from the tibialis anterior muscles of WT and DKO mice were prepared and analyzed as previously described (21) . Briefly, muscle samples were incubated on ice for 1 h in 3% glutaraldehyde buffered with 0.1 M sodium cacodylate. Muscle sections were then washed 3 ϫ 15 min with 0.1 M sodium cacodylate, followed by incubation in 1% osmium tetroxide in 0.1 M sodium cacodylate at room temperature. Ultrathin sections (60 nm) were cut, collected on copper grids, and poststained with uranyl acetate and lead citrate. Electron micrographs were obtained with a Philips EM201 electron microscope (FEI, Hillsboro, OR).
Electron microscopy was used to assess the area occupied by IMF mitochondria and the maximal SS depth. To determine the maximal depth of SS mitochondria, a line was drawn from the outer edge of the most peripheral mitochondrion to the edge of the myofibril. The maximal distance between mitochondria and the myofibril was chosen in each case. To determine the area occupied by IMF mitochondria, 4-m 2 squares were randomly placed throughout the image in a nonoverlapping fashion, and the IMF area was calculated using NIS-Elements 3.1 software.
Mitochondrial membrane potential. To measure ⌬⌿ of the isolated IMF mitochondria, the fluorescent probe 5,5=,6,6=,-tetrachloro-1,1=,3,3=-tetraethylbenzimi-dazolylcarbocyanine iodide (JC-1) was used. A JC-1 stock solution of 1 mg/ml in DMSO was diluted in mitochondrial resuspension buffer to a final working concentration of 4 g/ml. IMF mitochondria were suspended in the JC-1 working solution for 30 min at 37°C in the dark. Samples were then centrifuged and resuspended in fresh mitochondrial resuspension buffer without JC-1 and immediately analyzed using the flow cytometer, as described previously (2) .
DNA isolation and in vitro transcription. The full-length cDNAs encoding Tom40 (pGEM4Z/hTom40, from Dr. M. T. Ryan, La Trobe University, Melbourne, Australia) and ornithine carbamoyltransferase (rat OCT, from Dr. G. C. Shore, McGill University, Montreal, Canada) were isolated using a plasmid Midi Kit (Qiagen) and linearized using BamHI and SacI, respectively. Both linearized plasmids were resuspended in ddH2O to final concentrations of 0.8 g/l. Transcription reactions were performed with SP6 RNA polymerase (Promega, Fisher Canada) for 90 min at 40°C (56) . Both Tom40 and OCT mRNAs were isolated by phenol extraction followed by ethanol precipitation, and final concentrations were diluted to 2.8 g/l (25, 56) . Aliquots were stored at Ϫ20°C for in vitro translation assays.
In vitro translation and protein import. The pOCT and Tom40 mRNAs were translated and labeled with the use of a rabbit reticulocyte lysate in the presence of [ 35 S]methionine (Perkin Elmer). Freshly isolated SS and IMF mitochondria and the translated radiolabeled precursor proteins were equilibrated separately at 30°C for 10 min. The translated precursor proteins were added to the IMF mitochondrial samples and incubated at 30°C to initiate the protein import reaction, which consisted of 75 g of IMF mitochondria and 18 l of reticulocyte lysate. Mitochondria were then recovered by centrifuga-tion (16,000 g) through 600 l of 20% sucrose in 0.1 M potassium chloride, 2 mM magnesium chloride, and 20 mM HEPES (pH 7.4) at 4°C for 15 min. For Tom40 import, mitochondrial pellets were resuspended in freshly prepared 0.1 M sodium carbonate (Na 2CO3; pH 11.5) and incubated on ice for 30 min. For standard import reactions, mitochondrial pellets were then resuspended in 0.6 M sorbitol, 20 mM HEPES (pH 7.4), and equal volumes of sample buffer [10% (vol/vol) glycine, 80 mM SDS, and 62.5 mM Tris·HCl, pH 6.8], including 5% (vol/vol) 2-mercaptoethanol and 5% (vol/vol) sample dye. Samples were separated using 12% SDS-PAGE, as described previously (25, 56) . After electrophoresis, gels were boiled for 5 min in 5% trichloracetic acid, rinsed for 30 s in distilled water, and rinsed in 10 mM Tris (5 min) and 1 M sodium salicylate (30 min). Gels were subsequently dried with a vacuum gel dryer (model 583; Bio-Rad) for ϳ1 h at 80°C and exposed overnight to a Kodak Phosphor screen (Kodak, Rochester, NY). Radiolabeled precursor proteins were detected using phosphorimaging (Pharos FX; Bio-Rad) and quantified using Quantity 1 software.
Endurance training protocol. WT and Bax/Bak DKO mice (n ϭ 4/group) were matched by age and sex and assigned to control or exercise groups. Runners had access to voluntary running wheels attached to a magnetic counter that recorded the number of revolutions. Measurements were noted daily and converted into distance (kilometers) run per day based on a conversion formula. Animals were trained for 6 -7 wk, and a training effect was determined by measuring the gastrocnemius muscle weight-to-body weight ratios, as well as cytochrome-c oxidase (COX) activity. Animals were killed 24 h after the last training wheel session to avoid any acute exercise effects.
COX enzyme activity. COX enzyme activity was used as an estimate of mitochondrial content. Pulverized muscle samples (5-7.5 mg) were diluted 20-fold in extraction buffer (0.1 M KH 2PO4 and 2 mM EDTA pH7.2) and sonicated on ice (3 cycles of 3 s at 30% intensity each) to disrupt cellular membranes. After centrifugation, the supernatant fractions were recovered as previously described (9) . Enzyme activity was determined by the maximal oxidation rate of completely reduced cytochrome c, evaluated as a change in absorbance at 550 nm using a Synergy HT microplate reader. The data were compiled using KC4 software.
Immunoblotting. Whole muscle, cytosolic, and mitochondrial extracts (30 -50 g of protein) were separated using 12-15% SDS-PAGE and then transferred to nitrocellulose membranes. Membranes were blocked in 5% skim milk for 1-1.5 h and then incubated overnight at 4°C with primary antibodies directed against cytochrome c (1:250), Tom20 (1:500), Tom40 (1:500), Tim23 (1:500), mtHsp60 (1:1,000), mtHsp70 (1:1,000), voltage-dependent anion channel (VDAC; 1:3,000), Hsp70 (1:1,000), Hsp90 (1:1,000), MSF-L (1: 2,500), Bip (1:1,000), aciculin (1:200), Mfn2 (1:250), Fis1 (1:500), Opa1 (1:500), and Drp1 (1:500). Antibodies were obtained from Alexis Biochemicals (Fis1, ALX-210 -907), BD Transduction Laboratories (Opa1, 612606; DRP1, 611112), Sigma (Mfn2, M6444), Santa Cruz (Tom20, SC-11415; Tom40, SC-11414; mtHsp60, SC-13115), BD Biosciences (Tim23, 611222), Assay Designs (mtHsp70, SPS-825F), Mitosciences (VDAC, MSA03), and Stressgen Bioreagent (Hsp70, SPA820; Hsp90, SPA835; Bip, SPA826). The cytochrome c and aciculin antibodies were produced in our laboratory, and the MSF-L antibody was from Dr. K. Mihara (Kyushu University). Membranes were washed three times with Tris-buffered saline-Tween 20 (TBST) solution containing 25 mM Tris·HCl (pH7.5), 1 mM NaCl, and 0.1% Tween 20 and then probed with horseradish peroxidaseconjugated rabbit, mouse, goat, or goat anti-rat secondary antibodies at room temperature for 60 min. After incubation, membranes were washed three times in TBST, developed with an enhanced chemiluminescence (ECL) kit, and quantified via densitometric analysis of the intensity of signal with Sigma Scan Pro v.5 software (Jandel, San Rafael, CA).
Statistical analysis. Data were analyzed with Graph Pad 4.0 software, and values are reported as means Ϯ SE. Student's t-test was used for comparison of data between WT and DKO tissues. Two-way ANOVA were performed when WT and DKO conditions were compared between SS and IMF mitochondria. Statistical differences were considered significant if P Ͻ 0.05.
RESULTS
Bax-Bak DKO mice exhibit reduced mitochondrial protein release and altered morphology. To determine whether the absence of Bax/Bak could affect the release of apoptotic proteins from the mitochondria, we treated freshly isolated mitochondria from our DKO animals to several stimuli to induce protein release. As expected, the combined deletion of Bax and Bak resulted in significant 65 and 69% decreases in cytochrome c release from SS and IMF mitochondria, respectively ( Fig. 1A ; P Ͻ 0.05), consistent with the known roles of Bax and Bak in triggering apoptosis (60) .
We next sought to address whether differences in mitochondrial morphogenesis exist between Bax/Bak WT and DKO mice. Representative electron micrographs of the tibialis anterior muscle from WT (Fig. 1B) and DKO (Fig. 1C) animals were prepared to illustrate the SS and IMF mitochondrial populations. IMF mitochondrial area was reduced in the DKO animals ( Fig. 1D ; P Ͻ 0.05). Concomitantly, SS mitochondria from DKO mice appeared to be smaller than those of the WT animals, and they also exhibited a decreased mitochondrial layer thickness ( Fig. 1E ; P Ͻ 0.05).
In view of the differences noted above, and the fact that Bax has previously been implicated in the regulation of mitochondrial fusion (8, 24, 27) , we reasoned that it may also play a role in the regulation of mitochondrial dynamics in skeletal muscle. Thus we assessed the expression of the major proteins, which contribute to mitochondrial morphology, in both the SS and IMF subfractions. The absence of Bax/Bak did not affect the expression of mitochondrial morphology proteins in IMF mitochondria, with the exception of Mfn2, which was significantly higher in DKO animals ( Fig. 2A) . However, in SS mitochondria, both Fis1 and Mfn2 expression were markedly increased, and the long Opa1 isoforms were enhanced in DKO, compared with control mice (Fig. 2B ). These data suggest that Bax and/or Bak may be involved in basal mitochondrial dynamics, and the upregulation of fusion proteins may be a compensatory response in the DKO animals.
The absence of Bax and Bak significantly impaired mitochondrial protein import and mitochondrial membrane potential. To dissect mitochondrial protein import function in skeletal muscle, we incubated radiolabeled matrix protein OCT with freshly isolated IMF mitochondria at 37°C for 25 min and subjected mitochondria to SDS-PAGE. The absence of Bax and Bak markedly diminished the rate of OCT protein import into the matrix by 37% compared with the WT mice ( Fig. 3A ; P Ͻ 0.01). Based on this observation, we then considered whether Bax and/or Bak would also influence import into the outer membrane, since Bax and Bak are outer membrane proteins (54) . Using the import of Tom40 as an indicator, we noted a progressive increase (P Ͻ 0.05) in the import of the Tom40 precursor into the outer membrane over time (Fig. 3B) ; however, Tom40 import was significantly reduced by 34% by 10 min of incubation in Bax/Bak DKO, compared with WT mice. Therefore, the absence of Bax and Bak appears to cause a mitochondrial protein import defect into both the matrix and outer membrane compartments.
To identify some potential reasons for these import defects, we examined membrane potential, as well as the expression of PIM components in mitochondria of WT and DKO muscle. Basal and state IV mitochondrial membrane potentials were reduced by 20 and 15% in DKO mice, respectively ( Fig. 3C ; P Ͻ 0.05). It should be noted that we have previously shown no observable difference in either state III or state IV respiration between these two genotypes (42) . These findings suggest that Bax/Bak play a role in the maintenance of the membrane potential but that they do not have an effect on muscle mitochondrial respiration.
Impaired mitochondrial protein import in Bax/Bak DKO mice is associated with lower PIM components expression. Consistent with the reduced protein import exhibited in DKO mice (Fig.  3A) , PIM components such as Tom20, Tom40, and Tim23 were decreased by 28 -39% in mitochondria of Bax/Bak DKO mice (Fig. 4A) . Mitochondrial chaperone proteins mtHsp60 and Grp75 were also significantly reduced by 38 and 39%, respectively ( Fig. 4A ; P Ͻ 0.05). These data demonstrate that the absence of Bax and Bak resulted in lower levels of selected PIM components within the mitochondrial fraction. However, when we measured the protein expression of the same PIM components in whole muscle, no difference was observed between the WT and DKO animals (Fig. 4B) . We also investigated the level of cytosolic chaperones that facilitate the import of proteins containing presequences and internal mitochondrial targeting signals, such as Hsp70, Hsp90, MSF, and BiP. Interestingly, the two cytosolic chaperones Hsp90 and BiP were markedly increased with the deletion of Bax/Bak (Fig. 5) , indicating that the absence of Bax/Bak may cause mitochondrial stress through inducing unfolded protein response (UPR) within the cell.
Mitochondrial protein import defect in Bax/Bak DKO muscle is rescued by endurance training. We were interested in whether exercise training may play a role in ameliorating the protein import defect observed in Bax/Bak DKO mice. Thus a subset of both WT and DKO animals were subjected to 6 wk of voluntary wheel exercise training. As shown in Fig. 6A , both sets of animals increased their running distances with time; however, the DKO animals ran ϳ42% less (P Ͻ 0.05) distance (7.4 km/day; Fig. 6A ) over the 6-wk period compared with the WT animals (12.9 km/day). No differences in body weight or gastrocnemius muscle mass were evident between WT and DKO mice after 6 wk of training (Fig. 6, B and C) . Mitochondrial content, as measured by COX activity, was significantly enhanced by 28% with training in both the WT and DKO mice (Fig. 6D) . Interestingly, we found that the defect in matrix protein import evident in Bax/Bak DKO mice was completely abrogated after training (Fig. 7A) . However, training alone did not affect the import efficiency in WT mice. Measurements of PIM components showed that the expression of Tom40 (Fig. 7,  B and E) , which is the main pore component deeply embedded in the outer membrane (28) , was significantly enhanced after training in both DKO and WT animals. Other PIM components such as Tom20 (Fig. 7, B and C) and Tim23 (Fig. 7, B and D) were not affected. Hence, these results indicate that the defect in protein import observed in mitochondria of mice lacking Bax/Bak can be improved by endurance training, likely in part via the upregulation of Tom40 expression.
Exercise training has influence on PIM-related chaperone protein expression. To determine whether PIM-related chaperone protein expression was changed in the presence of training, we investigated two essential mitochondrial chaperones, mtHsp60 and mtHsp70. These proteins mediate the translocation and refolding of polypeptides after import (36) . Western blot analysis showed that the decreased expression of mtHsp60 and mtHsp70 evident in the absence of Bax/Bak was restored in the trained group (Fig. 8A) . Training also increased the expression of BiP and Hsp90 in WT animals, two proteins that are involved in the UPR. However, training did not further increase the already elevated levels of these proteins in DKO animals (Fig. 8B) .
DISCUSSION
Bax and Bak, two multidomain Bcl-2 family proteins, are essential for mitochondrial outer membrane permeabilization during apoptosis (60, 32) . In healthy cells, Bak is found along the mitochondrial outer membrane, whereas Bax is predominantly cytosolic, loosely attached to the membrane (61, 17) . During apoptosis, Bax translocates from the cytosol to insert itself into the outer membrane, and both Bax and Bak convert from the nonactivated to the activated conformation. Once activated, Bax and Bak oligomerize to form pores in the outer membrane that release apoptogenic factors from mitochondria, such as cytochrome c. This protein release triggers caspase activation and subsequently DNA fragmentation. As expected, our study demonstrated that the ablation of Bax and Bak reduced cytochrome c release from both SS and IMF mitochondria. However, recent growing evidence has also implicated Bax and/or Bak in additional functions beyond apoptosis (27, 24, 7, 62) . Therefore, the main purpose of this study was to investigate whether Bax/Bak have previously unrecog- nized functions related to organelle biogenesis within skeletal muscle. The mitochondrial network undergoes dramatic changes during apoptosis, marked by organelle fragmentation (14) . This observation provided the first indication of possible cross talk between Bcl-2 family proteins and mitochondrial dynamics. Thus we investigated the potential role of Bax and/or Bak on mitochondrial morphology and regulatory proteins in skeletal muscle. Biochemical data from WT and DKO animals indicated no difference in total muscle mitochondrial content. However, we did observe that SS and IMF mitochondria appeared smaller in DKO mice using electron microscopy. Since mitochondrial morphology is dependent on the delicate balance between frequent fusion and fission events, as well as by interactions with the cytoskeleton (11, 12, 47) , we therefore explored the expression of several protein components of the mitochondrial fission and fusion machinery within different mitochondrial subfractions. The upregulation of Mfn2 was a common alteration in both SS and IMF mitochondria in DKO mice. Mfn2 is an important fusion proteins localized on mitochondrial outer membrane, and our data are consistent with the previous findings that showed that Bax and Bak are required for Mfn2 complex assembly and maintaining the normal morphology of mitochondria (8, 26, 27) . The upregulation of Mfn2 and other fission and fusion proteins in the absence of Bax and Bak could be a compensatory response to increase the organelle remodeling rate in an attempt to restore the reduced mitochondrial content observed.
To further explore the nonapoptotic functions of Bax and/or Bak and to examine a possible biochemical basis for the observed morphological changes observed, we investigated and whole muscle (B) fractions (n ϭ 6 -8). Dashed lines are used to indicate that the data were derived from 2 different gels (Tim23) or from different portions of the same gel (mtHSP60). Values are means Ϯ SE. *P Ͻ 0.05, main effect of genotype. Quantification of PIM protein expression was corrected for loading using VDAC in IMF mitochondria, and using aciculin in whole muscle.
whether these proteins have a role in mitochondrial protein import, since previous studies have shown that protein import may be required for apoptosis, which is triggered by Bax and Bak (46) . For this purpose, we used IMF mitochondria, since this subfraction of mitochondria exhibits the highest rates of protein import in muscle (56) . Mitochondria are capable of importing hundreds of different proteins that are encoded by nuclear genes. This import pathway is driven by a set of translocases in the two mitochondrial membranes termed the TOM and TIM complexes, along with components mediating sorting and folding in the matrix, and enzymes involved in postimport processing of preproteins (41) . The import pathway is a vital step in the expansion of the mitochondrial reticulum. Conversely, impairments in the import process can be a cause of mitochondrial dysfunction and disease, such as the MohrTranebjaerg syndrome and the syndrome of dilated cardiomyopathy with ataxia (35).
Our results illustrate an attenuation in mitochondrial protein import in DKO mice, suggesting that the lack of Bax and/or Bak could affect the expression level of protein import machinery components. We found that the impairment in import was associated with reduced levels of Tom20, Tom40, Tim23, and chaperone proteins. Tom20 is the initial recognition site for precursor proteins possessing presequences, whereas Tom40 is the central component of the TOM complex. Our results are in corroboration with previous findings that have found that inhibition of Tom20 expression leads to parallel decreases in matrix protein import (19) . In addition, the reduced Tom40 import rate in DKO animals is similar to the lower expression of Tom40. Recently, the interaction of Bcl-2 family proteins with the mitochondrial outer membrane has attracted considerable attention. Several studies have noted that members of the TOM complex such as Tom20 and Tom22 may act as receptors for Bax targeting to the mitochondria (38, 45) . Thus a reciprocal influence of Bax/Bak on the import process might be anticipated. Bax/Bak DKO mice displayed reduced Tim23 expression and membrane potential, which likely contribute to an overall decrease of the rate of import via the Tim23 complex. Tim23 acts as a binding site for preproteins on the surface of the inner membrane and constitutes a part of the membrane potentialdependent translocation channel. The membrane potential exerts an electrophoretic force on the positively charged presequences, leading to inward movement and a gating effect on membrane components, resulting in opening and closing of a preprotein-conducting pore (10) . Indeed, the lack of Bax and Bak resulted in a surprising deficit in the mitochondrial localization of a number of protein import machinery components, including the matrix chaperone proteins mtHsp70 and mtHsp60. mtHsp70 pulls precursor proteins into the matrix using the energy derived from the hydrolysis of ATP, while mtHsp60 is responsible for refolding the mature protein into a functional conformation in the matrix. Reduced levels of these intramitochondrial chaperones have been suggested as potential causes of morphological and functional defects in mitochondria (3). It should be noted, that despite the reduced presence of these import machinery components in the mitochondrial fractions of Bax/Bak DKO mice, we did not observe this attenuation in expression within whole muscle homogenates, compared with WT animals. These data fortify the concept that the loss of Bax and Bak has an impact on mitochondrial protein import but not on upstream steps in the gene expression pathway (i.e., transcription). Finally, it is known that the import of proteins into mitochondria is an energy-demanding process and the lack of Bax may be contributing to the reduced import we found, since Bax-deficient cells have previously been shown to have attenuated levels of cellular ATP (7) .
The expression of cytosolic chaperone proteins such as MSF and cytosolic Hsp70, which exploit the inherent instability of unfolded precursor proteins and allow for the proper interaction with the import machinery (29) , did not change in the absence of Bax and Bak. However, the UPR-related chaperones Hsp90 and BiP exhibited altered expression levels in the DKO mice. Hsp90 has been implicated in a number of cellular processes and is known to modulate the UPR by stabilizing IRE1␣ (37) . Moreover, Bax and Bak have also been suggested to modulate the UPR by directly interacting with IRE1␣ (22) . Thus the elevated Hsp90 expression levels may serve an intracellular replacement function in the absence of Bax and Bak. Additionally, we have previously shown that Hsp90 is a primary chaperone protein responsible for Tom40 biogenesis in skeletal muscle (25) . Thus the dramatically elevated level of Hsp90 could help stimulate Tom40 import in the presence of altered import machinery expression in DKO mice. BiP is an ER-located member of the family of Hsp70 molecular chaperones (39) . Normally, its synthesis is markedly induced under conditions that lead to the accumulation of unfolded polypeptides in the ER (16) . The large increase in BiP expression evident in DKO mice indicates a possible accumulation of unfolded proteins, which could have an influence on the quality of organelle preprotein import in the intact cellular environment. It is well known that precursor proteins must be in an unfolded, import-competent conformation before entry into the TOM and TIM complexes. Thus a preponderance of unfolded proteins could serve to accelerate or inhibit protein import, depending on the state of precursor protein aggregation in the cytoplasm. Clearly, more studies will be required to elucidate the details of the relationship between the UPR and mitochondrial protein import.
Chronic exercise is a powerful stimulus that induces mitochondrial biogenesis in muscle. Therefore, we examined whether exercise training would have a beneficial effect on the impaired protein import in DKO animals, since earlier reports have shown that muscle chronic contractile activity increases mitochondrial capacity for protein import, along with levels of Tom20 and mtHsp70 (18, 57) . Notably, WT and DKO mice exhibited the same degree of adaptation in response to 6 wk of training, as demonstrated by increased levels of COX activity with exercise, despite the lower running distances in the DKO animals. Training fully restored the deficiency of mitochondrial protein import brought about by the absence of Bax and/or Bak. This beneficial response to training could be explained by the increased expression of Tom20, Tom40, and mitochondrial chaperone proteins, such as mtHsp60 and mtHsp70. Furthermore, training also significantly induced the expression of UPR-related proteins, Hsp90 and BiP in WT mice, but attenuated the increase in their expression in DKO mice. A recent study by Spiegelman et al. (65) has shown that the UPR is activated in skeletal muscle during exercise and that training leads to an adaptation and protection against further stress. The UPR pathway involves a multitude of proteins, both proadaptive (i.e., chaperones) and antiadaptive (stress proteins). Following training, the levels of ER-stress markers were reduced (65) , suggesting that exercise training attenuates the accumulation of unfolded proteins. We found that the proadaptive chaperone protein BiP was elevated with exercise, in corroboration with previous reports (65) . Moreover, in the absence of Bax and Bak, the UPR is upregulated, as demonstrated by elevated basal levels of BiP. We speculate that the cytosolic environment related to protein folding may be altered in DKO mice, which likely plays a role in the total cellular import rate into mitochondria and other organelles. This theory is consistent with a recent report that demonstrated that during mitochondrial stress, import efficiency is reduced, allowing proteins to accumulate in the cytosol and nucleus (40) . Taken together, our results emphasize that exercise training is an excellent method to restore the deficiency caused by Bax and/or Bak on mitochondrial protein import.
In summary, our data describe novel roles for Bax and/or Bak in mitochondrial function, manifested as changes in mitochondrial morphology and mitochondrial protein import in skeletal muscle. Further studies are required to determine whether there is a direct connection between mitochondrial morphology and protein import. In addition, we provide evidence, for the first time, of a curative function of exercise training in ameliorating a mitochondrial protein import defect, illustrating the potential of exercise as a therapeutic modality for organelle dysfunction.
